Introduction
============

The essential physiology of vitamin D involves the sequential hydroxylation of cholecalciferol in the liver and the kidney, leading to the formation of 25-hydroxyvitamin D (25\[OH\]D), and 1,25(OH)D, respectively, the latter being the hormonally active form of the vitamin.[@b1-phmt-8-047] Serum 25(OH)D level is the best indicator to evaluate total vitamin D status in the body, as the metabolite is the main circulating form.[@b2-phmt-8-047] The biologic functions of 1,25(OH)D or calcitriol are multiple, and include its classic or "calcemic" role in bone and mineral metabolism, and other nonclassic or noncalcemic actions, such as the prevention of cardiovascular disease, inhibition of renin production, prevention of specific types of malignancies, control of insulin production, modulation of immune function, and control of cellular proliferation and differentiation, because of the multiple sites of vitamin D receptors (VDRs) in the body.[@b3-phmt-8-047]--[@b9-phmt-8-047] As such, low vitamin D status is associated with rheumatoid arthritis, inflammatory bowel diseases, multiple sclerosis, and hypertension, with proven usefulness of vitamin D supplementation or its metabolites in lowering blood pressure in hypertensive patients, improving glycemic control in type 2 diabetics, and ameliorating symptoms of rheumatoid arthritis and multiple sclerosis.[@b2-phmt-8-047]

Obviously, there has been renewed scientific interest in the sequelae of vitamin D deficiency, given the emerging evidence of the diverse biologic functions of vitamin D, besides its fundamental role in bone and mineral metabolism. Several reports have also revealed the unique role of the vitamin in erythropoiesis.[@b10-phmt-8-047]--[@b14-phmt-8-047] Specifically, vitamin D replacement has resulted in increased reticulocytosis,[@b11-phmt-8-047] while its effects on bone marrow function and hemoglobin levels have been demonstrated.[@b12-phmt-8-047],[@b13-phmt-8-047]

Recently, a meta-analytical study[@b15-phmt-8-047] and several original studies[@b16-phmt-8-047]--[@b20-phmt-8-047] have clearly shown a bidirectional association between vitamin D deficiency and anemia risk in both children and adults. This relationship has brought the erythropoietic function of calcitriol to the front burner, given the effects of the vitamin on iron metabolism and the immune system. While the epidemiologic pattern of vitamin D deficiency is well established on the basis of climate and racial profile, there is generally a disparity in the prevalence of childhood anemia between developed and developing countries, eg, nutritional anemias, such as iron-deficiency anemia, are commoner in the latter. However, the anemia linked to vitamin D deficiency is essentially anemia of chronic disease or anemia of inflammation; it is the most frequent anemia in hospitalized patients globally, and is seen in patients with acute or chronic inflammatory conditions, including infections, malignancy, rheumatoid arthritis, and chronic kidney disease (CKD).[@b21-phmt-8-047] Nevertheless, vitamin D deficiency has also been reported in children, adolescents, and adults with iron-deficiency anemia, although the hypothesis for its causal association is still evolving.[@b22-phmt-8-047]--[@b24-phmt-8-047]

For the past decade, the evidence in the medical literature pointing to the relationship between anemia risk and vitamin D deficiency has been accumulating. Expectedly, vitamin D may in future assume prominence in the therapeutic trajectory of children with anemia of different etiologies. This paper critically reviews the current evidence linking vitamin D deficiency to anemia risk in children.

Noncalcemic actions of vitamin D
================================

The noncalcemic actions of vitamin D have been grouped into three major effects: control of hormone secretion, modulation of immune function, and control of cellular proliferation and differentiation.[@b5-phmt-8-047] This classification is not clear-cut, because the effects of calcitriol on any given tissue overlap with actions from any of the three groupings. Generally, calcitriol has the following actions: it blocks parathyroid hormone (PTH) elaboration, but aids insulin secretion; it inhibits adaptive immunity, but supports innate immunity; and it hinders cell proliferation, but induces cell differentiation.[@b5-phmt-8-047]

Effects of vitamin D on insulin secretion
-----------------------------------------

The association of vitamin D with insulin resistance or abnormal glucose metabolism has attracted scientific attention recently. With respect to insulin secretion, the stimulatory effect of calcitriol is well established, although the mechanism of action is not yet resolved.[@b25-phmt-8-047],[@b26-phmt-8-047] Nevertheless, a study conducted with a murine model shows that VDRs and calbindin-D~28k~ are located in pancreatic β-cells,[@b27-phmt-8-047] while other studies suggest that calbindin-D~28k~ (a calcium-buffering protein in pancreatic β-cells) not only regulates depolarization-stimulated insulin secretion[@b28-phmt-8-047] but also protects against cytokine-mediated ablation of β-cells.[@b29-phmt-8-047] Evidence from observational human studies,[@b30-phmt-8-047]--[@b32-phmt-8-047] and interventional human studies[@b33-phmt-8-047],[@b34-phmt-8-047] further indicates that vitamin D deficiency may contribute to increased risk of type 2 diabetes mellitus (T2DM).

The evolution of abnormal glucose tolerance and T2DM is usually preceded by three events: changes in the function of pancreatic β-cells, alterations in insulin sensitivity, and systemic inflammation.[@b35-phmt-8-047] Insulin response to glucose load appears to be exclusively modulated by vitamin D, although basal insulin is unaffected.

First, a positive role for vitamin D in the modification of β-cell function has been reported.[@b36-phmt-8-047] The possible mechanisms for this role are thought to be direct stimulation of insulin secretion by vitamin D through the VDRs present in pancreatic β-cells[@b36-phmt-8-047] and their expression of the 1α-hydroxylase enzyme.[@b37-phmt-8-047] In addition, calcitriol is capable of activating transcription of the gene of human insulin, and thus plays a vital role in insulin secretion.[@b38-phmt-8-047]

Second, improvement in insulin sensitivity may be mediated by vitamin D through direct action on the VDRs present in skeletal muscles[@b39-phmt-8-047] and stimulation of insulin receptors expressed in bone marrow cells.[@b40-phmt-8-047] Third, in the systemic inflammation seen in T2DM,[@b41-phmt-8-047],[@b42-phmt-8-047] alteration of β-cell function triggered by cell death can occur following the presence of elevated cytokines, which can also directly induce insulin resistance. Vitamin D can act to diminish systemic inflammation by its interference with elaboration and action of cytokines through retarding the role of factors responsible for nuclear transcription.[@b43-phmt-8-047]

From some of the enumerated effects of vitamin D, it is plausible to suggest that altered (reduced) insulin secretion may negatively influence erythropoiesis. For instance, a study has established that an intricate relationship exists between pancreatic cells and bone marrow-derived stem cells, as the authors were able to demonstrate the capacity of transplanted bone marrow-derived stem cells to initiate endogenous pancreatic tissue regeneration.[@b44-phmt-8-047]

As previously stated, insulin receptors are also expressed in bone marrow cells. Another mechanism by which reduced insulin secretion can interfere with erythropoiesis is through the inhibitory effect of cytokine-mediated systemic inflammation seen in T2DM. With regard to the relationship between altered insulin secretion and iron metabolism, other investigators have observed associations of several markers of iron metabolism with adipocyte insulin resistance and adiponectin, which suggests that factors related to iron and iron metabolism may contribute to adipocyte insulin resistance early in the pathogenesis of T2DM.[@b45-phmt-8-047]

Obviously, there appears to be a bidirectional relationship between iron metabolism and glucose homeostasis, given the fact that several pathways of iron metabolism are modulated according to systemic glucose levels, whereas insulin action and secretion are influenced by alterations in relative iron excess.[@b46-phmt-8-047] Indeed, reduced heme synthesis and dysregulated iron uptake or export are probably contributory factors that affect glucose metabolism in old muscle cells, while iron seems to exert a modifying influence on β-cells and insulin secretion.[@b46-phmt-8-047]

In one prospective study conducted with a murine model, iron supplementation resulted in a fivefold rise in hepatic iron and serum hepcidin and a 40% elevation in fasting glucose due to insulin resistance.[@b47-phmt-8-047] Hepcidin is a peptide hormone recently identified as a key regulator of iron homeostasis and metabolism. This hormone blocks iron absorption, reduces iron release from macrophages, and releases stored iron from hepatocytes. Hepcidin is regulated by three pathways: lower iron stores, erythropoietic signals, and inflammation. Body iron deficiency induces low hepcidin synthesis, and consequently iron movement into plasma is improved.[@b48-phmt-8-047]

Effects of vitamin D and other calciotropic hormones on erythropoiesis
----------------------------------------------------------------------

A recent narrative review reported several mechanistic studies, epidemiologic studies, and clinical trials that highlighted the role of vitamin D in iron homeostasis and erythropoiesis, and consequently its causal link with anemia.[@b14-phmt-8-047] Vitamin D may have a positive impact on anemia (especially anemia of inflammation) through its downregulatory effects on inflammatory cytokines and hepcidin. Depressed erythropoiesis and reduced erythrocyte life span or survival is noted to be another pathophysiologic pathway that contributes to anemia of inflammation;[@b49-phmt-8-047] the process is made possible through inflammation- and hepcidin-mediated interruptions in iron recycling, which leave inadequate iron available to support erythropoiesis.[@b14-phmt-8-047] Furthermore, proinflammatory cytokines may depress erythropoiesis by inhibiting the elaboration of erythropoietin in the renal parenchyma, as well as the differentiation and proliferation of erythroid progenitor cells in the bone marrow.[@b21-phmt-8-047]

Vitamin D specifically enhances erythropoiesis through the following mechanisms: reduction in proinflammatory cytokines, increasing burst-forming unit-erythroid proliferation, acting in synergy with erythropoietin to promote further the proliferation of erythroid progenitor cells,[@b50-phmt-8-047],[@b51-phmt-8-047] and reduction in the requirements for erythropoiesis-stimulating agent (ESA) in patients with CKD.[@b52-phmt-8-047],[@b53-phmt-8-047] Interestingly, vitamin D and other calciotropic hormones, such as PTH and FGF23, have established effects on iron metabolism and erythropoiesis. FGF23 is synthesized in the bone but acts on FGFR1-expressing kidney cells to modulate the synthesis of vitamin D and phosphate homeostasis.[@b54-phmt-8-047]

However, in contrast to vitamin D, FGF23 is a negative regulator of erythropoiesis and iron metabolism. Raised FGF23 levels, often associated with both cardiovascular and renal diseases, thus possess the capacity to increase anemia risk.[@b55-phmt-8-047] Other mechanistic studies have shown that increased PTH levels may be linked with increased anemia risk through changes in erythropoiesis, which comprise reductions in erythroid progenitor formation and erythropoietin production, as well as PTH-induced fibrosis of the bone marrow.[@b56-phmt-8-047] Despite the evidence showing that increased PTH levels may affect iron metabolism and erythropoiesis, the specific mechanisms involved and whether this relationship is independent of vitamin D remain unclear.

Nevertheless, some epidemiologic studies indicate that vitamin D deficiency is associated with anemia risk in children[@b57-phmt-8-047] and patients with CKD,[@b58-phmt-8-047] while clinical trials have given disparate results on the therapeutic role of vitamin D in CKD-related anemia[@b59-phmt-8-047]--[@b61-phmt-8-047] and in subjects with iron-deficiency anemia.[@b62-phmt-8-047] For instance, the therapeutic effects of vitamin D (calcitriol) in anemia of CKD were reported as reduction in ESA requirements and elevation of hemoglobin levels,[@b59-phmt-8-047],[@b60-phmt-8-047] whereas a reduction in hemoglobin levels were observed in another trial.[@b61-phmt-8-047] In the same clinical trial,[@b61-phmt-8-047] a vitamin D analog (paricalcitol) was however noted to have resulted in a significant rise in hemoglobin concentration over time. Interestingly, other investigators have observed that high-dose vitamin D given in patients with iron-deficiency anemia was unlikely to give further improvements in hemoglobin concentration after correction of iron deficiency.[@b62-phmt-8-047] These findings underscore the fact that the therapeutic effects of vitamin D may vary, depending on the cause of the anemia or the form of vitamin D analog used in anemic patients.

Effects of vitamin D on the immune system
-----------------------------------------

The action of vitamin D and its active metabolite (calcitriol) in the modulation of immune function was documented more than 3 decades ago.[@b63-phmt-8-047]--[@b65-phmt-8-047] Vitamin D and CYP27B1 (a mitochondrial P450 enzyme that converts 25\[OH\]D to 1,25\[OH\]D) play crucial roles in both adaptive and innate immunity.[@b5-phmt-8-047] Apart from the proximal renal tubule, CYP27B1 is also located at other extrarenal sites such as immune cells, epithelia of many tissues, bone, and parathyroid glands.[@b66-phmt-8-047]

In adaptive immunity, T and B lymphocytes are capable of producing cytokines and immunoglobulins respectively, which target antigenic presentation by macrophages and dendritic cells.[@b5-phmt-8-047] The inhibitory action of calcitriol on adaptive immunity involves the suppression of B-cell proliferation and immunoglobulin production,[@b67-phmt-8-047] as well as delaying cell proliferation: especially the T-helper (T~H~)-1 cells.[@b64-phmt-8-047],[@b68-phmt-8-047]

On the other hand, calcitriol stimulates innate immunity through induction of expression of cathelicidin (an antimicrobial peptide) in myeloid and epithelial cells.[@b69-phmt-8-047],[@b70-phmt-8-047] More importantly, vitamin D inhibits monocyte synthesis of inflammatory cytokines, such as interleukin (IL) 1, IL6, IL8, IL12, and tumor necrosis factor alpha (TNFα).[@b71-phmt-8-047] Given the depressive effect of these proinflammatory cytokines on erythropoiesis, it is not surprising that vitamin D may improve erythrocyte survival and function by its inhibitory action on their production. Furthermore, calcitriol also plays a vital role in the regulation of immunity by interfering with immune-cell expression of proinflammatory cytokines, thus providing a negative feedback to circumvent excessive inflammation.[@b5-phmt-8-047] The immunoregulatory actions of vitamin D may be key to its role in preventing anemia by means of controlling systemic cytokine release, which may in turn suppress specific inflammatory pathways contributory to the evolution of anemia. The role of inflammation in the etiology of anemia has been further clarified through the evaluation of hepcidin (an inflammation-induced negative modulator of erythropoiesis).[@b72-phmt-8-047],[@b73-phmt-8-047] Low levels of calcitriol have been found to be associated with elevated hepcidin levels in adult patients with CKD to buttress this finding further.[@b74-phmt-8-047]

Vitamin D deficiency and anemia risk
====================================

With the extensively documented evidence on the noncalcemic actions of vitamin D, data are also accumulating with regard to its hematologic actions, specifically its positive effect on erythropoiesis.[@b10-phmt-8-047]--[@b20-phmt-8-047] In summary, this erythropoietic action has been attributed to the following mechanisms. First, vitamin D supplementation results in downward dose adjustments in ESA and elevated reticulocyte counts in patients undergoing hemodialysis.[@b10-phmt-8-047],[@b11-phmt-8-047] Second, the vitamin has been shown to influence bone marrow function,[@b13-phmt-8-047] especially with the finding that levels of calcitriol are several hundred-fold higher in bone marrow than in plasma.[@b75-phmt-8-047] It is speculated that vitamin D regulates the level of systemic cytokine production, thereby reducing the inflammatory milieu that results in anemia of chronic disease or inflammation.[@b12-phmt-8-047] For instance, vitamin D has been found to impair cytokine release[@b75-phmt-8-047] and possibly exerts a direct stimulatory effect on erythroid precursors, since its receptors are also found in several nonrenal target sites, such as the bone marrow.[@b13-phmt-8-047] Obviously, 25(OH)D deficiency leading to reduced local calcitriol production in the bone marrow may limit erythropoiesis; this observation is explained by the fact that calcitriol has a direct proliferative action on erythroid burst-forming units (in synergy with the activity of endogenously produced erythropoietin) and also upregulates expression of the erythropoietin receptor on erythroid progenitor cells.[@b11-phmt-8-047],[@b51-phmt-8-047],[@b76-phmt-8-047]

Therefore, the various noncalcemic actions of vitamin D appear to revolve around the improvement of anemia. Remarkably, several population-based studies have shown that the relationship between vitamin D and anemia risk may however differ with respect to the etiology of anemia,[@b16-phmt-8-047],[@b23-phmt-8-047] as well as the racial profile of the subjects.[@b16-phmt-8-047],[@b77-phmt-8-047]--[@b79-phmt-8-047]

Anemia related to micronutrient deficiency (nutritional anemia)
---------------------------------------------------------------

The association of vitamin D with iron-deficiency anemia has been well reported.[@b16-phmt-8-047],[@b23-phmt-8-047],[@b62-phmt-8-047] In a recently published cross-sectional study conducted among 10,410 children and adolescents aged 1--21 years, Atkinson et al evaluated the relationship between 25(OH)D deficiency and anemia in a cohort of otherwise-healthy children, and also determined whether race was a modifying factor in this association.[@b16-phmt-8-047] The results of their study suggested that 25(OH)D deficiency was associated with increased risk of anemia in healthy children, but 25(OH)D-threshold levels for lower hemoglobin were lower in black children than white children. Notably, the observed association between vitamin D status and anemia was independent of other confounding factors that could have contributed to anemia risk, namely, obesity, inflammation, socioeconomic status, and nutritional status, including vitamin B~12~, folic acid, and iron deficiencies.[@b16-phmt-8-047]

The authors documented these study weaknesses: its cross-sectional nature, which precluded conclusive evidence on causality in the association between vitamin D deficiency and lower hemoglobin levels, lack of access to data on iron deficiency (one of the most common etiologies of anemia in children), and lack of access to data to estimate the prevalence of hereditary hemoglobinopathies (which may be associated with lower hemoglobin levels, particularly in black children). Since there was a lack of evidence about the iron-deficiency status of the subjects used in this study, it is plausible that the mechanistic relationship between vitamin D deficiency and anemia may be predicated upon its negative stimulatory effect on the bone marrow.

Worse still, the nonconsideration of other confounders, including vitamin B~12~ and folate deficiencies, suggests that vitamin D deficiency may not have played a causal role in the relationship with anemia, but could have been an effect or outcome of the anemic state in these subjects. Furthermore, the previously noted observation that high-dose vitamin D given to patients with iron-deficiency anemia failed to increase hemoglobin concentration after correction of iron deficiency[@b62-phmt-8-047] also lends credence to the view that vitamin D deficiency may not be a contributor to anemia in iron-deficiency anemia.

For instance, there is evidence pointing to a possible relationship between vitamin D deficiency and osteoporosis in iron-deficient patients, while alterations in vitamin D metabolism may arise from iron deficiency itself.[@b81-phmt-8-047] This is because iron is crucial for vitamin D metabolism, as all of the vitamin D-related cytochromes catalyze single- or multiple-hydroxylation reactions on specific carbons of the vitamin D substrate by utilizing heme-bound iron.[@b81-phmt-8-047]

Interestingly, there are now more data to support the hypothesis that chronic iron deficiency with or without anemia is indeed associated with bone loss and osteoporosis.[@b82-phmt-8-047] The suggested mechanisms to explain this relationship between iron deficiency and bone loss include interference with collagen synthesis, in which iron plays a vital role, alterations in vitamin D metabolism, as previously mentioned, and anemia-induced hypoxia, which is a major stimulator of bone resorption.[@b82-phmt-8-047] One study has confirmed that iron-deficiency anemia had a significant impact upon the bone, specifically affecting bone mineralization, decreasing matrix formation, and increasing bone resorption.[@b83-phmt-8-047] Another intriguing report indicated that the prevalence of vitamin D deficiency or insufficiency was very high in an iron-deficient state. In addition, it appears the recovery of iron status does not affect 25(OH)D levels, but the increase in iron supply to the tissues is lower if vitamin D deficiency is also present.[@b84-phmt-8-047]

It is important at this juncture to highlight other studies on the relationship between vitamin D deficiency and anemia ([Table 1](#t1-phmt-8-047){ref-type="table"}). In a cross-sectional study of 554 subjects aged above 17 years, Sim et al evaluated the prevalence of anemia in those with vitamin D deficiency in comparison with those who had normal levels of the vitamin.[@b12-phmt-8-047] They reported a statistically significant difference between the prevalence of anemia in 25(OH)D-deficient subjects and its prevalence in those with normal 25(OH)D levels. In addition, 25(OH) D-deficient subjects had lower mean hemoglobin and more prevalent use of ESA. Sim et al's findings underscored a possible correlation between vitamin D deficiency and anemia, but again failed to establish a causal association. The study had several confounding factors, namely, evidence of prevalent malnutrition and inflammation in 25(OH)D-deficient subjects, selection bias due to the observational nature of the study, inadequate exposure to sunlight among study cohorts, exclusion of common etiologies of anemia, such as iron, vitamin B~12~, and folic acid deficiencies, and estimation of concurrent 25(OH)D and hemoglobin levels within 6 months of each other in the study.[@b12-phmt-8-047] Nevertheless, the study appears to be among the pioneer work to investigate the relationship between vitamin D and anemia by enrolling subjects without CKD and/or not on ESA.

In another study conducted among hospitalized adult patients in France, Coutard et al aimed to investigate the relationship between vitamin D deficiency and anemia.[@b20-phmt-8-047] Vitamin D (25\[OH\]D) and hemoglobin levels were estimated. Interestingly, after adjustment for albuminemia, anemia was not significantly associated with vitamin D deficiency (25\[OH\]D\<50 nmol/L), even though anemia was significantly associated with hypoalbuminemia. The authors then concluded that malnutrition reflected by hypoalbuminemia as a surrogate could be a possible confounder in the previously described association between anemia and vitamin D deficiency.[@b20-phmt-8-047]

In a study conducted in South Korea,[@b57-phmt-8-047] Jin et al investigated the relationship between iron status and serum vitamin D levels in infants. The enrolled infants were classified into iron-deficiency anemia, iron-deficient, and normal groups based on hemoglobin and ferritin levels. They were further classified into vitamin D-deficient, vitamin D-insufficient, and vitamin D-sufficient groups according to 25(OH)D levels. The major findings were the presence of vitamin D deficiency in a greater percentage of infants with iron-deficiency anemia compared to the other groups and a significant correlation between hemoglobin and 25(OH)D levels. These results confirm the previous observation that changes in vitamin D metabolism are intricately related to iron deficiency,[@b80-phmt-8-047] because heme-bound iron is essential in the hydroxylation process of vitamin D.[@b81-phmt-8-047]

Anemia related to genetic factors (hereditary anemia)
-----------------------------------------------------

Common hereditary anemias, such as sickle-cell disease (SCD), β-thalassemia, and hereditary hemochromatosis, are regarded as iron-overload disorders. Expectedly, the hepcidin--ferroportin system is involved in the regulation of body iron stores in these disorders;[@b85-phmt-8-047] hepcidin inhibits iron export from the cells by blocking the activity of ferroportin, which is the main exporter of iron from these sites. In iron-overload disorders, raised circulating iron levels result in hepatic upregulation of hepcidin expression, while elevated serum hepcidin levels diminish intestinal iron absorption and hinder iron export from tissue stores into the circulation to give protection against excessive accumulation of total body iron and its distribution into the circulation.[@b86-phmt-8-047]

This regulatory mechanism leads to "functional" iron deficiency. Apart from SCD being a chronic hemolytic disorder, its proinflammatory nature results in the elaboration of inflammatory cytokines. Both increased circulating iron levels and cytokines are potent stimulators of hepcidin synthesis, which ultimately interferes with iron availability for erythropoiesis. Nevertheless, SCD is also associated with multiple macro- and micronutrient deficiencies, such as vitamin D deficiency. Vitamin D specifically results in downregulation of inflammatory cytokines and hepcidin, which expectedly improves anemia. Therefore, its deficiency leads to the opposite effects, whose sequelae consist of depressed erythropoiesis and accentuation of the anemic state. Some authors have indeed suggested the desirability of vitamin D supplementation not only as a therapeutic measure to increase serum 25(OH)D levels in children and adults with SCD but also to improve their anemic state.[@b87-phmt-8-047],[@b88-phmt-8-047]

Anemia of chronic disease or anemia of inflammation (related to infection, rheumatoid arthritis, cancer, and CKD)
-----------------------------------------------------------------------------------------------------------------

Elsewhere in the US, other investigators conducted a cross-sectional study in which they aimed to investigate the link between vitamin D status and anemia in an adult population, as well as the effects of race on this association.[@b77-phmt-8-047] Their major findings were the association of low serum 25(OH)D (\<50 nmol/L) with anemia and a significant effect modification by race, such that black subjects with 25(OH)D levels \<50 nmol/L had increased probability of having anemia compared to their black counterparts with 25(OH)D levels ≥50 nmol/L, unlike white subjects. The researchers thus concluded that low serum 25(OH)D (\<50 nmol/L) was significantly associated with anemia, particularly anemia of inflammation, among black subjects in a generally healthy adult cohort.[@b77-phmt-8-047]

It has been noted that vitamin D deficiency is associated with a higher prevalence of anemia of inflammation in elderly subjects[@b88-phmt-8-047] and is also a common finding in CKD and hemodialysis patients.[@b11-phmt-8-047] The therapeutic effects of vitamin D supplementation in this type of anemia have been demonstrated by reports of an erythropoietin-sparing effect in vitamin D-deficient hemodialysis patients,[@b53-phmt-8-047] as well as a correlation of vitamin D repletion with reduction in erythropoietin-dose requirements in anemic CKD patients who were not on hemodialysis.[@b89-phmt-8-047] A mechanism for the erythropoietin-sparing effects of vitamin D is suggested by recent data, which show that the vitamin reduces hepcidin levels both in vitro and in vivo.[@b90-phmt-8-047] For instance, vitamin D supplementation in healthy subjects reduced serum levels of hepcidin by 50% compared to baseline levels within 24 hours and persisted for 72 hours,[@b90-phmt-8-047] while its beneficial effects on increasing erythropoiesis and decreasing inflammation have been noted.[@b51-phmt-8-047],[@b91-phmt-8-047]

In another related study, a group of researchers in Bahrain tested the hypothesis that vitamin D deficiency and hyperparathyroidism may be associated with anemia.[@b92-phmt-8-047] Association of hyperparathyroidism and alterations in vitamin D levels (deficiency and insufficiency) with anemia was evaluated in male and female subjects. Remarkably, the prevalence of anemia was significantly associated with vitamin D deficiency independently of PTH levels in the female cohort, whereas the prevalence of anemia appeared to be significantly associated with hyperparathyroidism. This significant relationship, however, disappeared after controlling for vitamin D deficiency. The study findings suggest that in females, vitamin D deficiency is independently associated with anemia, unlike in their male counterparts. Overall, these studies[@b51-phmt-8-047],[@b91-phmt-8-047],[@b92-phmt-8-047] underscore the therapeutic effects of vitamin D supplementation in anemic patients, the effects of anemia on vitamin D metabolism, and the fact that vitamin D is a relevant micronutrient in major subtypes of anemia.

In China, Chang et al evaluated the prevalence of vitamin D deficiency and insufficiency and their association with hemoglobin and elevated blood lead levels in children aged between 6 months and 14 years.[@b93-phmt-8-047] Remarkably, the authors found a negative correlation between 25(OH)D levels and blood lead levels but could not demonstrate a significant relationship between 25(OH)D levels and hemoglobin levels. In other words, elevated blood lead levels were associated with 25(OH)D deficiency. This finding may be explained by the fact that vitamin D metabolism is closely related to iron metabolism,[@b81-phmt-8-047] since lead is a known inhibitor of iron and thus a contributory factor in iron deficiency.

Finally, Yoo and Cho conducted a case--control study in South Korea to compare serum 25(OH)D levels based on the presence and subtypes of anemia.[@b94-phmt-8-047] They not only observed a higher prevalence of 25(OH)D deficiency in the anemic group than in the nonanemic group but also recorded a significantly higher prevalence of severe 25(OH)D deficiency in the former group than in the latter group, with an odds ratio of 3.32 (95% confidence interval 2.26--4.85). Interestingly, the prevalence of 25(OH)D deficiency was not different among the subtypes of anemia. This study again showed that vitamin D deficiency is associated with anemia, irrespective of the subtype, and underscored the need for estimating serum 25(OH)D levels and giving appropriate vitamin D supplementation in anemic patients.[@b94-phmt-8-047] However, it tends to support the view that vitamin D deficiency may not be part of the cause, but rather an effect of the anemic state.

Conclusion
==========

Although the causal association of vitamin D deficiency with anemia risk (especially iron-deficiency anemia) remains debatable, the noncalcemic actions of the vitamin and its analogs hold prospects for several novel clinical applications. However, there is unanimity in many reports suggesting that vitamin D deficiency is directly associated with anemia of chronic disease or inflammation; therefore, the therapeutic effects of vitamin D supplementation in CKD are well established. By suppressing proinflammatory cytokines and directly inhibiting hepcidin expression, vitamin D may indeed be effective in mobilizing iron stores and enhancing erythropoiesis and hemoglobin synthesis.[@b14-phmt-8-047]

The alternative hypothesis that vitamin D deficiency may be a concurrent event or an effect of anemia has also opened a new vista in therapeutic approach for patients with anemia. Despite the advances in unraveling the role of vitamin D in iron homeostasis, further research is still required to validate causality in the relationship between vitamin D deficiency and anemia, as well as to determine its optimal dosing, the ideal recipients for therapeutic intervention, and the preferred analogs to administer.
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###### 

Overview of studies on relationship between vitamin D deficiency and anemia

  Study                                       Design            Sample size   Age range            Anemia/vitamin D-deficiency risk, OR (95% CI)
  ------------------------------------------- ----------------- ------------- -------------------- ------------------------------------------------------------------------------------------------------------
  Atkinson et al,[@b16-phmt-8-047] USA        Cross-sectional   10,410        1--12 years          1.47 (1.14--1.89)[\*](#tfn1-phmt-8-047){ref-type="table-fn"},[\#](#tfn5-phmt-8-047){ref-type="table-fn"}
  Sim et al,[@b12-phmt-8-047] USA             Cross-sectional   554           17--65 years         1.9 (1.3--2.7)[\*\*](#tfn2-phmt-8-047){ref-type="table-fn"},[\#](#tfn5-phmt-8-047){ref-type="table-fn"}
  Yoo and Cho,[@b94-phmt-8-047] South Korea   Case--control     500           19--91 years         3.32 (2.26--4.85)[‡](#tfn6-phmt-8-047){ref-type="table-fn"}
  Coutard et al,[@b20-phmt-8-047] France      Case--control     186           70--85 years         1.37 (0.72--2.6)[\*\*\*](#tfn3-phmt-8-047){ref-type="table-fn"},[‡](#tfn6-phmt-8-047){ref-type="table-fn"}
  Jin et al,[@b57-phmt-8-047] South Korea     Case--control     102           3--24 months         4.93 (1.87--12.98)[‡](#tfn6-phmt-8-047){ref-type="table-fn"}
  Chang et al,[@b93-phmt-8-047] China         Cross-sectional   1,218         6 months--14 years   1.01 (1--1.02)[ξ](#tfn4-phmt-8-047){ref-type="table-fn"},[‡](#tfn6-phmt-8-047){ref-type="table-fn"}
  Golbahar et al,[@b92-phmt-8-047] Bahrain    Cross-sectional   421           18--60 years         3.21 (2.13--4.86)

**Notes:**

Fully adjusted for age, sex, race, obesity, C-reactive protein, vitamin B~12~, and folate;

adjusted for age, sex, and chronic kidney disease;

adjusted for albuminemia;

blood lead level as predictor;

anemia risk;

vitamin D-deficiency risk.

**Abbreviations:** OR, odds ratio; CI, confidence interval.
